Genome-wide association studies have the potential to identify causal genetic factors underlying important phenotypes but have rarely been performed in bacteria. We present an association mapping method that takes into account the clonal population structure of bacteria and is applicable to both core and accessory genome variation. Campylobacter is a common cause of human gastroenteritis as a consequence of its proliferation in multiple farm animal species and its transmission via contaminated meat and poultry. We applied our association mapping method to identify the factors responsible for adaptation to cattle and chickens among 192 Campylobacter isolates from these and other host sources. Phylogenetic analysis implied frequent host switching but also showed that some lineages were strongly associated with particular hosts. A seven-gene region with a host association signal was found. Genes in this region were almost universally present in cattle but were frequently absent in isolates from chickens and wild birds. Three of the seven genes encoded vitamin B 5 biosynthesis. We found that isolates from cattle were better able to grow in vitamin B 5 -depleted media and propose that this difference may be an adaptation to host diet.
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evolution | genomics | host adaptation | transmission ecology C olonization of multiple host species increases the number of transmission opportunities for animal pathogens and symbionts but depends on making rapid adjustments to each new host (1) . For organisms such as Campylobacter, relatively small genome size (1.6 Mb) limits the phenotypic flexibility of each bacterium. Single clones can multiply to large numbers within hosts, and genetic variation arising among these bacteria increases the range of available phenotypes. This might allow a bacterial lineage to passage successfully through multiple hosts by repeatedly evolving host adaptive traits.
Experimental work has shown that a large proportion of adaptations to new environments incur an equal or greater cost in other environments (2) . This cost of adaptation might make a strategy of continuous evolution unstable by causing a progressive loss of fitness in the course of repeated host switching. Three factors that could reduce this cost of readaptation are canalization of genetic change via contingency loci (3, 4) ; coordinated genetic regulation of host-specific factors (5, 6) ; and import of DNA by recombination from other, already adapted, lineages in each new host species (7) . The relative importance of these mechanisms for host specificity in Campylobacter remains unknown.
Campylobacter jejuni and Campylobacter coli are common components of the gut microbiota in numerous wild and domesticated animal species, as well as, together, being one of the most common causes of food poisoning in humans. The characterization of large numbers of C. jejuni and C. coli isolates from diverse sources and locations by multilocus sequence typing (MLST) has shown that there is genetic differentiation among sequence types (STs) associated with different hosts (8) . Among wild birds, specific bird species most often harbor their own Campylobacter lineages (8, 9) . However, in agricultural animals, although there are host-associated lineages that are largely restricted to chickens or to ruminants, some of the most abundant lineages are found at high frequencies in chickens, cattle, and humans with food poisoning (8) . This multihost lifestyle is curious because of the challenges of colonizing organisms with such distinct gastrointestinal tracts, diets, immune systems, and body temperatures.
Here, we investigated the genetic basis of host specificity by analyzing the genome sequences of 192 isolates from cattle, chickens, clinical samples, and other sources. These included isolates from single-host lineages and multiple isolates from the host generalist ST-21 (C. jejuni), ST-45 (C. jejuni), and ST-828 (C. coli) clonal complexes (Table S1) . We used phylogenetic analysis to investigate host switching and then sought to identify genetic elements that showed a stronger association with chicken or ruminants than expected based on the phylogeny. These elements represent candidate host adaptation elements. We identified one substantial cattleassociated region and demonstrate experimentally that it confers a phenotype (vitamin B 5 biosynthesis) likely to aid in colonization of cattle.
Results
Clonal complexes, identified using MLST data, are groups of isolates that have identical sequences at most of or all the seven genotyped loci. Now that whole genomes are becoming available for large numbers of bacteria, it is possible to establish the accuracy of clonal complex designations in identifying clonal lineages. Phylogenetic analysis of C. jejuni genomes supports most of the clonal complex groupings identified by MLST and provides new insights into their relationships (Fig. 1A) . For example, isolates from the chicken-associated ST-354, ST-443, ST-353, and ST-257 complexes (8) each form distinct clades in the tree and, together with a handful of other isolates, form a single chicken-associated supercomplex. Isolates from other chickenassociated clonal complexes, such as the ST-661 complex, branch elsewhere on the tree. There are also two cattle-associated lineages corresponding to the ST-61 and ST-42 complexes. In addition, there are lineages with levels of genetic variation comparable to those of the host-associated groups: specifically, the ST-21 and ST-45 complexes containing a mixture of isolates from cattle, chickens, and wild birds.
To investigate relatedness within the multihost clonal complexes, we used ClonalFrame (10), which estimates clonal relationships allowing for the effect of recombination. Chicken and cattle isolates are found in multiple places on these trees (Fig. 1B) , which implies relatively recent host switching, although there is one deeper branch of the ST-45 complex that may be chicken-associated.
To investigate the evolution of host specialization, we developed a genome-wide association mapping approach that identifies 30-bp DNA sequences (words) associated with colonization of particular species. The method identifies words that are more strongly associated with a particular host than would be expected based on neutral patterns of evolution, given the clonal relationships of the bacteria in the sample and their distribution among hosts. An attractive feature of this method is that it has the potential to identify host-adapting evolutionary events, including point mutation, homologous recombination, and lateral gene transfer.
In order for the method to have statistical power to detect associations, the dataset needs to contain multiple host switches within it. Furthermore, the presence of multiple isolates from the same host and clonal background (e.g., the chicken supercomplex) can reduce power because these isolates will share large amounts of DNA sequence due to clonal inheritance that do not confer host adaptive traits. We initially applied our method to 29 genome sequences from the ST-45 clonal complex, which are commonly found in wild and domesticated bird and mammal species. We included two genomes belonging to the ST-283 complex, which clusters within the ST-45 complex. We chose this lineage because it met the requirement of multiple host switches, and we reasoned that the low overall genetic variation within the lineage should enhance the power to detect adaptive events.
A total of 9,034 30-bp words were identified that were significantly associated with either chicken or cattle hosts. Of these, 8,999 mapped to 97 genes (Table S2 ) in the annotated genome of isolate NCTC11168 (11) in 10 genome locations ( Fig. 2A) . The association signal was replicated by determining the number of these words in the genomes of 161 C. jejuni and C. coli isolates from outside the ST-45 clonal complex. The pattern of host association varied among regions in the replication (Table S3 ). The most concordant signal, where the same pattern of host association occurred in the ST-45 complex isolates and in the remaining genomes, was among 7,307 cattle-associated words that came from 7 adjacent genes within a 5-Kb region (Table 1) . We therefore focused on the evolutionary history of this region to investigate the events that generated the association signal.
The pattern of gene presence varied for the six genes at the center of this region. The number of isolates from which they were completely absent varied from 3 isolates for surE to 78 and 98 isolates for Cj0299 and Cj0295, respectively. The panBCD genes were absent from between 34 and 39 isolates. Although the genes showed different patterns of presence and absence, they were all more common in cattle isolates than in chicken isolates. For example, in the ST-45 complex, the panBCD genes had been gained or lost three times ( Fig. 1) and were not present in the two largest clades of the tree, where cattle isolates were absent. In contrast, the panBCD genes were present in all the ST-21 complex isolates examined.
The host association signal was the result of two forms of genetic variation. First, with the exception of surE, which had fewer hostassociated words, all the genes in the major host-associated region were more likely to be absent in isolates from chickens. Second, even where genes were present, different sequences were found in cattle and chicken isolates. Alleles at these loci tended to show less homologous sequence variation in cattle isolates compared with chicken isolates, and as a result, cattle-associated alleles gave the strongest signals of host association. It is also notable that the A B frequency of both types of host-associated words was even lower in isolates from wild birds than in those from chickens (Fig. S1 ).
The majority of the cattle-associated words mapped to the three genes from the pantothenate (vitamin B 5 ) biosynthesis pathway (panBCD). To test if cattle-associated isolates had a greater capacity to grow in a vitamin B 5 -depleted environment, we conducted in vitro growth experiments. This showed that isolates from cattle grew better, on average, in a low vitamin B 5 environment than isolates from chickens ( Fig. 3 ) and that this was due, at least in part, to the presence of the panBCD genes in a higher proportion of cattle isolates (Fig. S2 ).
The gene Cj0299 had exceptionally low sequence variation relative to other commonly present genes ( Fig. S3) , with only seven polymorphic sites among 774 nucleotides. This gene, which encodes a characterized enzyme called bla OXA-61 conferring resistance to β-lactam antibiotics (12) , was found at the highest frequency in cattle isolates and was rarest in isolates from wild birds (Fig. S1 ).
Discussion
Our analysis provides insight into the tempo of adaptation of Campylobacter to its host. Host specificity can be a stable trait in some lineages. For example, specialization to chicken hosts presumably evolved in the common ancestor of the chicken supercomplex (Fig. 1A ). There are also other less diverse chicken-and cattle-associated lineages. In addition, there are generalist lineages that are abundant in cattle, chickens, and other hosts. Within these lineages, there are sublineages with evidence of host association, suggesting that host specificity can also evolve on a much more rapid time scale.
Using the association mapping method described here, we have shown that one factor driving rapid host adaptation is gain and loss of the panBCD genes encoding the vitamin B 5 biosynthesis pathway, which has already been highlighted as especially variable in a previous study (13) . Vitamin B 5 is abundant in cereals and grains but is found in a very low concentration in grasses (14) , which, respectively, constitute the main diets of chicken and cattle. This makes it likely that Campylobacter needs to produce the vitamin itself to persist in cattle. We found that the genes are almost universally present in isolates from cattle.
Our methods for detecting association, like those used in humans (15, 16) , are influenced by genetic linkage. Linkage affects association signals because the recombination events that lead to the gain or loss of host-adaptive elements can also affect the neighboring sequence. The situation is complicated by the possibility that gene order also evolves in response to selection for linkage (17) , leading to elements that give advantages in the same or overlapping environments being inherited together, for example, in "pathogenicity islands" (18) .
We found patterns of host association in the genes adjacent to panBCD similar to those in the genes themselves. Three upstream genes (surE, Cj0294, and Cj0295) are also involved in biosynthesis. Immediately downstream is an ampicillin resistance-associated gene, bla OXA-61 (12) , which is also associated with cattle. The gene is notable for being the least diverse of the common genes in the Campylobacter genome (Fig. S3) , implying that it has recently spread among the diverse C. coli and C. jejuni lineages in our sample. It is intriguing that these seven adjacent genes appear to code for two functions related to the challenges of the agricultural niche, namely, antibiotics and persistence in ruminants. More data will be needed to determine the extent to which selection is acting 
C B
I p x B s u r E C j 0 2 9 4 C j 0 2 9 5 p a n D p a n C p a n B C j 0 2 9 9 C j 0 3 0 9 I II III Fig. 2 . Host-associated genomic regions. (A) Distribution of 10 locations containing 8,538 host-associated words for which homologs were found in reference genome NCTC11168, visualized using Artemis (12) and DNAPlotter (13) . The red lines indicate host-associated words, the cyan rings show the protein coding sequences on the forward and reverse strands, and the green rings indicate other annotated features using default settings. (B) Schematic representation of seven adjacent genes within a 5-Kb region at location 3, to which 7,307 cattle-associated words mapped, and example flanking genes for comparison. Three regions (I-III) were identified based on host differences in word presence (Fig. S1 ). (C) Neighbor-joining trees of these seven genes in isolates from cattle (blue), chickens (yellow), and wild birds/environmental waters (green). The scale bars represent a genetic distance of 0.005. Dinucleotide-using enzymes involved in molybdopterin and thiamine biosynthesis family 1 Cj0295
Putative acetyltransferase panD (Cj0296c) Aspartate α-decarboxylase; converts L-aspartate to β-alanine and provides the major route of β-alanine production in bacteria. β-alanine is essential for the biosynthesis of pantothenate (vitamin B 5 ). panC (Cj0297c)
Pantoate-β-alanine ligase; catalyzes the formation of (R)-pantothenate from pantoate and β-alanine panB (Cj0298c) 3-Methyl-2-oxobutanoate hydroxymethyltransferase; catalyzes the formation of tetrahydrofolate and 2-dehydropantoate from 5,10-methylenetetrahydrofolate and 3-methyl-2-oxobutanoate Cj0299
Putative periplasmic β-lactamase *Gene names, numbering, and order are based on the C. jejuni strain 11168 annotation (11).
specifically on panBCD, on bla OXA-61 , or on the combined effect of the genes together.
Our results suggest that host generalism in agricultural Campylobacter is possible because elements that are necessary for colonization of cattle (specifically, the genes responsible for vitamin B 5 biosynthesis) persist in some isolates in chickens. However, many details remain to be investigated, and it is not clear whether generalism is a stable strategy taking advantage of the large number of transmission opportunities in agriculture or whether it reflects insufficient time for well-adapted host specialist lineages to have evolved in this recent manmade environment.
As well as being found in many chicken isolates from host generalist lineages, the panBCD genes are found in isolates from chicken-associated lineages. It is not known how large a fitness cost, if any, these genes incur in environments in which vitamin B 5 is plentiful. Furthermore, part of the transmission ecology of chickenassociated Campylobacter lineages might depend on vitamin B 5 biosynthesis, for example, if spread is dependent on transition via cattle or other host species. This could compensate for the metabolic cost of maintaining these genes in the primary host.
Our study illustrates the potential of genome-wide association methods for studying rapidly evolving traits in bacteria. The molecular Koch's postulates, defined by Falkow (19) , describe a set of experimental criteria that should be satisfied to show that a gene found in a pathogenic microorganism contributes to the disease caused by the pathogen. The postulates can also be applied to other microbial traits, such as host specificity. Genetic association study methods, such as those used here and elsewhere (20) , will facilitate the identification of genetic elements likely to cause phenotypes of interest and provide targets for further laboratory investigation.
Materials and Methods
Isolates and Genome Sequencing. Isolates were chosen from multilocus sequence-typed collections that, together, contain >10,000 isolates (www. pubmlst.org/campylobacter) (21) to represent common STs found in clinical samples (feces) and those associated with various agricultural animal and wild bird species. In addition, multiple isolates from the ST-21 (C. jejuni), ST-45 (C. jejuni), and ST-828 (C. coli) clonal complexes were chosen from different hosts to investigate the association of genomic elements with phenotype (host source). Details of all the isolates used, including genomes from published sources (22) (23) (24) (25) (26) , such as the National Center for Biotechnology Information database, are provided in Table S1 .
Campylobacter isolates were subcultured on Columbia Blood Agar, and plates were incubated in microaerobic conditions (5% CO 2 , 5% O 2 , 3% H 2 , and 87% N 2 ) at 42°C for 48 h. Single-colony cultures were harvested, cells were suspended in 125 μL of water in a 0.2-mL PCR tube, and extraction of genomic DNA was carried out using the QIAamp DNA Mini Kit (QIAGEN GmbH). The DNA was resuspended in 100-200 μL of the elution buffer supplied and stored at −20°C.
Whole-genome sequencing was carried out using a multiplex sequencing approach on an Illumina Genome Analyzer using the standard indexing protocol. Fragmentation of 2 μg of genomic DNA was carried out by acoustic shearing using a Covaris E210 sonicator. Following enrichment for 200-bp fragments, DNA was end-repaired and cleaned using a 1:1 ratio of Ampure paramagnetic beads (Beckman Coulter, Inc.) to remove DNA <150 bp in length. A-tailing was carried out, and adapters were ligated, with each followed by additional DNA clean-up. An overlap extension PCR was carried out, using an Illumina 3 primer set, to introduce specific tag sequences between the sequencing and the flow-cell binding sites of an Illumina adapter. A final DNA clean-up was carried out before DNA quantification by quantitative PCR. Twelve separately tagged libraries were sequenced simultaneously in two lanes of an eight-channel Illumina Genome Analyzer II flow cell. The average overall output was 80 Mbp per isolate. High coverage short reads (25-50 bp) were assembled de novo using Velvet software (27) to produce contigs of up to 162 kb. The 80 genome sequences that are published in this paper are available in the Dryad repository (10.5061/dryad.28n35).
Background Population Genetic Structure. The publically accessible Bacterial Isolate Genome Sequence Database (BIGSdb) (21) was used to store contiguous sequences and whole-genome data from the GenBank. The finished genome of isolate NCTC11168 (25, 28, 29) was used as a basis for defining locus designations and reference sequences for each of these that were stored in the database. The BLAST algorithm was used to scan other genomes for gene orthologs at these loci, defined as reciprocal best hits of a sequence with ≥70% nucleotide identity and a 50% difference in alignment length. MUSCLE software (30) was used to align gene orthologs on a gene-by-gene basis, and these data were concatenated into contiguous sequence for each isolate genome, including gaps for missing nucleotides (or entire genes). A whole-genome tree of alignments was reconstructed for the entire genus using MEGA (31) extracted from the BIGSdb (21) for genes present in all three major multihost lineages (ST-828, ST-21, and ST-45 clonal complexes). Genealogies for these alignments were estimated using ClonalFrame, a model-based approach to determining microevolution in bacteria (10) . This program differentiates mutation and recombination events on each branch of the tree based on the density of polymorphisms. Clusters of polymorphisms are likely to have arisen from recombination, and scattered polymorphisms are likely to have arisen from mutation. The program was run with 50,000 burn-in iterations, followed by 50,000 sampling iterations. The consensus tree represents combined data from three independent runs with 75% consensus required for inference of relatedness. Recombination events were defined as sequences with a length of >50 bp with a probability of recombination ≥75% over the length, reaching 95% in at least one site.
Association Mapping. One key aim of this study was to search for the genomic variants underlying preferential host colonization in C. jejuni. Such genomewide association mapping has been extensively performed in humans (15, 16) but not in bacteria (32) , which meant that methodology had to be developed to account for the specificities of bacterial population genetics. For each genome, the presence or absence of each unique "word" of 30 bp on the forward or reverse strand of any contig was recorded. Such short words are also known as "features," and they have been used previously to build alignment-free phylogenies (33, 34) . Here, however, we wanted to measure the statistical association of the presence of a word with the host from which each genome was isolated. This approach presents the advantage of being scalable to large numbers of genomes, alignment-free, and able to encapsulate in the same framework any genomic variant, whether it is caused by point mutation, homologous recombination, or lateral gene transfer. One difficulty, however, is that naively measuring the association of word presence with the host (e.g, using a Fisher's exact test) would produce many spurious association due to the confounding effect of population structure. This is a well-known problem when performing association mapping in humans (35) , but it is likely to be even more problematic in bacteria due to their clonal mode of reproduction (32) . To control for the population structure when measuring the association of a word with a host, we used a technique inspired from phylogenetic comparative methods through Monte Carlo simulations (36, 37) . Based on the phylogeny reconstructed by ClonalFrame (10), words were simulated to evolve through a process of gain and loss along the branches of the phylogeny. The correlation of the real word was then compared with the distribution of the correlations of the simulated words to produce a phylogenetically correct P value (38) . To account for multiple testing, only words with a P value below 10 −4 were considered significant. The distribution of host-associated words for which homologs were found in reference genome NCTC11168 (11, 29) was visualized using Artemis (39) , and DNAPlotter (40) was used to generate Fig. 2A . To test the sensitivity of the method to word size, we performed the same analysis with 20-bp and 40-bp words and obtained comparable results (Fig. S4) .
Phenotypic Analyses. The ability to grow in controlled rich medium in presence or absence of vitamin B 5 was assessed in vitro. The synthetic medium used in this analysis was composed of 1× Earle's balanced salt solution (EBSS), 1× MEM essential amino acid solution, 1× MEM nonessential amino acids (catalog no. 24010-043; Invitrogen), 1 mM sodium pyruvate, 20 μM FeSO 4 , and 2.1 μM D-pantothenic acid 1/2 Ca salts (catalog no. P2250; SigmaAldrich). The pantothenic acid was added ("EBSS + B 5 ") or not ("EBSS − B 5 ") depending on experimental context. Overnight cultures in Mueller-Hinton broth were normalized to an OD 600 of 0.05 and were used to inoculate wells in 96-well plates (10 μL in 150 μL). Growth was examined in the synthetic EBSS-based medium after 24 h using an Omega Microplate Reader with an atmospheric control unit module (BMG Labtech) at 42°C in a modified atmosphere composed of 10% CO 2 and 5% O 2 .
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